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This study has been unde~t&en for the purpose of obtdaing am 

impomred feeaack conme1 for a lunw landing vehicle simulator. The 

;simulator, used to train astxtonauls fop lunar landing, cansists of a 

eable supported, rocket propeued vehicle. The lunar gravity is 

simulated by maintaining t e n s h  on the cable equal t o  5/6 of the 

vehicle weight. A , that the &le in wound onto, is controlled 

to keep the proper tension on the c&1e, and t o  allow -the cable length 

t o  be chmged. 

The i s  mounted on a mechandsm sirnilax) to an x-y plotrer. A 

bridge moves along one axis and a cax"t: moves iilong the bridge for the 

olhe~ d s .  

Tv =, tracking c a  
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The ex is t ing  ha*dr.r;ig*e s i m u l a t o r  a t  t h e  NASA h g l e y  Weserach Cen"tr 

t.13, uses t h e  angle at t h e  top of t he  c&le  with r e spec t  t o  verx.isa3 

as an i n d i c a t i o n  of  veh ic le  pos i t ion  r o l a t i v e  t o  t h e  t r ack ing  c a m .  

Unfortuna-tely, i f  t h c  p i l o t i n g  becomes t o o  a c t i v e ,  lateral and longitudi--  

n a l  v i b r a t i o n s  o c c w  i n  t h e  cable which impose d i s tu rb ing  f o r c e s  on 

t h e  vef~iele,  If t h e  c o n t r o l  a c t i o n  is t o  be improved so as t o  a t t e n u a t e  

these cable v i b r a t i o n s ,  it is c l e a r l y  n e c e s s s y  t o  in t roduce  a d d i t i o n a l  

s t a t e  infor:narion t o  t h e  feedback c o n t r o l  law. 

Althaugh a complete study of t h i s  system would e n t a i l  cons idera t ion  

of a three dimunsional problem w i t h  i n t e r a c t i n g  dynanics ar~d time var-  

i a b l e  parameters, t h e  scope of t h i s  work w i l l  be r e s t r i c t e d  t o  a s tudy 

of vctfticular motion along a hor izon ta l  coordinate axis, Since fo r  sx~al l  

pe r tu rba t ions  t h e  responses of t h e  system along the t h r e e  axes are 

decoupled, t h i s  s tudy can t o  a first aypoximat ion  be r e a d i l y  gcneral izod 

t o  inc lu2e  t h e  thrw dimensional case. However, t h e  rigorous ana2qrzis 

of t h e  effect of time varying pararreters is beyond t h e  scope of this 

thesis. 

Because w e  are consideririg a d i s t r i b u t e d  parameter system, it is 

not poss ible  t o  ob ta in  complete s t a t e  information about t h e  cable Ercrnl 

o n - l i n e  neaswcments, since i n  theory t h e r e  are an i n f i n i t e  n u ~ 3 e r  of 

s t a t e s .  A f u r t h e r  r e s t r i c t i o n ,  imposed by p r a c t i c a l  cons idera t ions ,  is 

t h a t  i n f o m a t i o n  about- the  e b l e  can be measured oniy a t  its ends ,  and 

nob~here else alang its l.engkh. T h i s  lack OE freedom of sensop %ocatisn 

is due t o  t h e  chmgirlg c&le length ,  e k e  d i f f i c u l t i e s  i n  a$ta~I : i :~g 

s u l t d ~ l e  sensors, and cable %wis.bing wkiicla would confuse d i r ec t i ona l  

oriesltation . 
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An approach to sa lving t h i s  problem i s  to desis an observer w'riich 

i s  eap&Je of estimating a me,r9e coqle ta ,  s t a t e  vector  based on knowledge 

of t h e  corlrrol input and s t a t e s  ",at are measmahle [2]E33. No\;ever, 

t he  e f fec t s  of parameter uncertainties and noise have not been s tudied 

i n  s u f f i c i e n t  depth t o  j u s t i fy  confidence i n  control  system design based 

on t h e  use of t h e  observer pr incfple  when estimating s t a t e s  of higher 

order systems. This is  the subject  of further research. 

Another approach, used here, is to develop an optimal. or sub- 

optimal control  law from measurenent:; which a rc  avai1at)le. Thus, a 

l i n e a r  co2trol  lac;, consist ing cf availcable nleticurccl i;lf crmation multf - 

p l i e d  by a gain vector,  can be c?p"iiinizcd i n  term:; of an appropriate 

cost  fuilctio;l ty using Po.~rclL's EIcihod [41, uhicli is basical ly  a :nidific_.3 

re laxa t  Lon technique. For a d c s c r i p t  ion of Pok:@llts Me thod , bee Pi ;)cn2S.i; 

A 

X t  should be recogrlizcd that. the  solut ion,  as found by t h e  m i n i -  

n:iz<r-t ion procedure, w i l . 1  bc sub-ciptirnal f o r  several  reasons. 

(a)  A l l  of -the s t a t e  ifif-ornlali~n is. not ava i l&le ,  

(b) The integrat ion time i n t e r v a l  of a cost  function producing 

a constant-gain solwtion is i r t f i n i t e .  T h i s  i n t e rva l  can he 

used f o r  ana ly t ica l  solut ions ,  but  when a cost function i s  

used i n  simulation s tud ies  some prac t i ca l  restriction n t u s t  

be placed on the  upper l i m i t .  This is  uaually fixed by 

observing asymptotic behiivior of feedOaek terns as the  time 

ir i terval is inc~eclscd. Here t he  pract ical  ?,irnital-ior~ en- 

eoun"teztcd was t h e  1 a - g ~  amounts sf com2uter time concer*alerl, 

Then-ctore, "swenty s e c ~ ~ i i s  was used fcr the i n t e g r ~ t i u c  ~r;: i.1 v a l  . 
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Ce) The system is large enough so that it is i ~ ~ p r a c t i c a l  t o  f i n d  

the  cost a s  a func.tion of gains. This leaves t he  pos s ib ik i t i e s  

open for local rr,inima. 

(dl Only one representat ive  t h rus t  program was used i n  t he  

minimization procedure. Other t b u s t  programs could r e s u l t  

i n  a d i f f e r e n t  solut ion.  

l'he effects of (b), (cf, and (d)  could be studied with a hybrid 

computer, h'ith its high speed r epe t i s i ve  mode, it would be possiftle 

t o  t r y  d i f f e r en t  i n i t i a l  gain vectors ,  longer running times, and d i f f e r en t  

t h r u s t  propcuE,s. Unfortunately, t he  d i g i t a l  program t o  be dcscri bed 

was found t o  require  so lu t ion  times i n  the  order of f i v e  hours, ru l i ng  

out t he  p o s s i b i l i t i e s  f o r  extensive simulation s tudies .  Id: is expected, 

however, t h a t  the t h r u s t  p r o p a %  used is  representat ive  e n o u ~ h  t o  pzboduce 

s a t i s f ac to ry  results. 

The model of t h e  system used for t h i s  study was developed by C. H .  

Knagi, [S]. It is a seg~nerited representation of t h e  real cable i n  which 

the  accuracy of simulation depends upon the  number of sect ions  used i n  

tttc model. Six sec t ions ,  a s  used t o  model the  c&Xe i n  t h i s  s t u d y ,  will 

support up t o  f i v e  harmonic modes. Experience shows t h a t  t h i s  is  more 

than aaeguate f o r  t he  accuracy demanded i n  the  simulation. 



X I  PMmXCRE STATE MEASUFEmK AVD mI?TRGL 

The d i s t r i bu t ed  pa rme te r  system presents  a par t icubmly d i f f i c u l t  

problem t o  t h e  cont ro l  engineer. Not only are ccmcepts of c-ontrollabili ty 

and observabi l i ty  d i f f i cub t  t o  apply, but t h e  s t a b i l i t y  theory of p a r t i a l  

d i f f e r e n t i a l  equaticms has not yet been developed t o  the  same exten t  as 

f o r  ordinary d i f f e r e n t i a l  equations, 

AShans 163 offers a s e t  of procedures, and a philosophy leading 

.to a reasonable approach t o  d i s t r ibu ted  parameter systems. A s i m i l a r  set 

of ntles has been followed in  t h i s  problem. 

(a) Analysis of t he  system should remain i n  d i s t r ibu ted  pa rme te r s  

form as long as possible.  

i b )  The number of transducers must be l imited t o  some p r a c t i c a l  

nwnber; in t h i s  case t he re  is a firm r e s t r i c t i o n  to the cable 

exnds only. 

(c) The number of conTrol inputs t o  t h e  system must be Zitnited 

to some p rac t i ca l  number. In  t h i s  problem t h e  control' inputs  

must be l imited t o  the  ends of t he  cable. 

Gwdso~~ and Klein [?I have presented a weakened def in i t ion  of 

observabi l i ty  f o r  use with systems having modal solut ions ,  A system 

is defined as N-mode observable I f  mode amplitudes for the  first N modes 

can be uniquely establ ished from measured infomat ion.  Wighelc modes 

cons t i t u t e  emap in the hmcriora, In the cable p~oblem, w i t h  reference 

t o  Figme 3-1, m d  subject t o  the  assmption that t h e  c&le ends w e  

f ixed, if t h e  motion i s  defined by t h e  f irst  eJ medes, 



nnx n%at  nnat e(x, t )  = 1 s i n  ---<A cos - 
8, n E + Bnsin --- a 1 * 

n-N+1 

The value of N w i l l  depend on f ac to r s  such as the  locations and 

num3er of t h e  transducers,  arid t h e  number of der ivat ives  t h a t  can be 

obtained i n  pract ice .  

The concept of N-mode observabil i ty can be considered a conservative 

one. The measured i n f  ornlation may ac tua l ly  contain information definirig 

higher modes, with some p rac t i ca l  consideration, such as noise psoblems, 

l imi t ing  how many modes can be observed. To show t h a t  higher mode 

information is avai lable  from the  angles measured a t  the  cab lo t s  ends, 

t h e  following is offered.  

The def lect ion a t  an a rb i t r a ry  point x on the  cable is  

Qa 
nnx nn a-I: 

y(x , t )  s in  +A, cos -T t Bn s i n  - nnat R ) * 
n*l 

Taking t h e  first spac ia l  der ivat ive 
m 

e(x, t )  = nnx nn a t  nn a t  
a (Ancos - R + Bnsin (2 .4)  n= 1 

where R is the overall cable length. 

The first time der ivat ive becomes 

nna nn riax nna t  f -A s i n  - nrrat e ( x , ~ )  - 1 COS - R n R n It CBeos-1 .  ( 2 . 5 )  
n-l  

Each sueeessivc derivat ive,  evaluated at Both ends of the cable, provides 

two more equat ions  with t h e  sane ur&nowns, An and an. By t ak ing  n 

successive derivatives, m d  eval~iat ing a"i:beth ends o f  t h e  e&1e, the 

first  t h ~ o u g h  nth terns of A and B caxn he found. By making n arSitrarti1;. 
~1 n 
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lmge ,  an iakhit~iasi ly lmge n u d e r  sf mdes e m  be uniquely defines. 

""X w i l l  dways It is instepsting t o  note t h a t  t h e  tern eos - R 

equal  fl for  a l l  n ,  when evaluated at x=O and x=B. I n  t h i s  case ,  t h e  

r e s t r i c t i o n  t1ta.t measurements be made only at t h e  ends of t h e  cable  

is not  a s e r i o u s  drawback i n  theory ,  However, t h e  f a c t  t h a t  higher mode 

information is a v a i l a b l e  i n  theory does not  mean t h a t  it is  ava i l ab le  

i n  p r a c t i c e ,  s i n c e  h igher  order der iva t ives  are quickly obscured by t h e  

noise.  Although modal amplitudes were not  included e x p l i c i t l y  i n  t h e  

c o s t  funct ion it can be argued Ghat t he  higher mode information contained 

i n  t h e  measured angles w i l l  i n sure  t h a t  these  modes w i l l  not become 

unstable for a s e t  of ga ins  obtained from a minimization procedwe. 



Tlae sZmu3,ation madel wed fw cquter simulation Pn this problem 

is a a ~ p n t s d  model developed in 153, modified to p % the me of a 

face input. nus, with Mer to a e  mass at the top of the cable, 

uhe~e Tc is tho tensicn in the cebls, end )1 is the angle of the cable, . 
maswed with =spec-t: to the vertica, at the point of eongi3lc.k with the 

With the 8- angle a g p ~ f i m t i ~ n  

II) 

iqg st&@ epuatlone, as hvaloped kr [63 are, wing 

smU m g l e  a~oximt%sxts:  



where 

Hw = mass of tracking veh ic le  

Tc = cable tension 

Tw = whif f l e tree  tension 

re 
= equalibrium of cable segment 

Fw = whiffletree length 

= rnass of cable segment 

Mw = mass of whiff letree  

Wv = mass of simulation vehicle 

%h = horizorrld thrust cornpanen* 

F - Force applied to tracking vehicle 

To eqlaira the  coodinate system of t h e  sepentrzd rndel, Fig-wes 

(3-4) and (3-3) m e  offered as i l lus t ra ted  i n  E51. 





LV T M S F O W T I 0 8  QF SEGBXPsrED WDEL STATES TO 

XNFOWATION E A S U W E  ON TME E A L  WLE: 

Since the idormation tha t  is mmw&le f im the r e a l  cable %s 

not a ~ e c t l y  available f the  segmented model, a Wansf 

be developed t o  extract  t h i s  infomation. The Tn i t i a l  assumptions are: 

(a) The ti- canstants of the vehicle, and ob the tracking ear l ,  

me long enough cempared t o  those of the  cable, to consider 

the  cirble as constrained a t  both ends. 

(B) Angles w i l l  be smU, enough to j w t i f y  use of small angle 

appmrulnrations, 

( c )  Deflections i n  the c&le aaate smaPJ. enoxh s o  t h a t  the tensign 

in the cable may be emsidered t o  be canstant. 

(d) Bending m m n t s  in the cable w e  negligible. 

H e  now look a t  the classicaL vibrating swing  problem. The 

p a r t i a l  d i f f e r e n t i d  equation descrfi ing the s t r i n g  i s  

2 
2 * 2 - a  
a t 2  2 

a - w ?  
lax 

heres 

y = defledion of a point on the c&le gr?rgendicufax\ to c&Pe 

x s cogdinat6 d s  along eiable! length 

w e =  c&Ie weight per  unit b n g t h ,  



ASS- a so lu t ion  of t h e  s'scm 

X X 
y ( x , t )  -. kc ces - -x  + D s i n  ._ x) ( ~ 2 .  COB A t  + B s in  A t ) .  a , ch 

C4*2) 

With the cclbie cons%r;lined a t  both ends, and defining R as rhe cable 

length ,we have 

Thus at x=O 
0 

x(9,t) = 0 = j$ (A cos A t  t B sin At) 

A 
a 

- nr. sin - R=O or - - 
a 

Theref ore 

- 
n?rx naat naat 

y!x,t) = 1 s i n  ----- ( A ~  cos - A + Bn sin - a 1 
n= 1 

Deflection along the  cable w i l l  vary periodical ly  between extreme 

values proportional t o  

- 
nax 1 s i n  ---- * 

n-1 R 

The mplitude term is 

nrak (An cos -- nn at 
R + Bn s i n  -- 

(1 
1 * 

The res t r ic t ion  imposed by the nature of t h e  cable is t h a t  

information is measwable only at the ends of the c&le, h o t h e r  

restr ict ion is that it is not practical to cmsider higher derivatives 

t h a n  the  first, because of noise problem. These z*est r ic t ions  impose 

a limitation on mode o b s a m a l i t y ,  Considwing t h e  firs% Tdo v ibra t ion  

mdes, we have 
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1 X  2wx y t r . t l  = A c t )  s i n  i B(i) sin 
l. 

( Y * ? )  

where A[%] w d  B(t1 rn the pa m d e  ~ f i t u6 .m 02 t h e  first md 

second msdes resy;eetively. 

Figwe 4-1 

Taking the first dwivative with mspect to the spacial, coordinate x 

A ax 2 nx 
dx 

- ccs -- + ~ ( t )  2 cos -- * * (x,t) = r(t) R a a 

Using the small angle approximation, 

Evaluating B(x,tf at x=O and x=& 

e,(o,t) = hCt) a/& -+ act) 2 n j l  (&.lo> 

e2( l . t )  = - Act) n/L + B(t) 2n/L (4 .lb) 

We n w  have two eqatisns aftd two unknms,  shming the mlatim- 

s k i p  between @he w a w e d  mgles at t h e  ends of $he tale, a d  estimted 

mpl i t udes  of t h e  f i ~ 8 t  -8 d e 6 r  



T a i n g  t h e  first time derivative 

Within the s ta ted  assunlptl~ris and r e s t r i c t i o n s ,  and given the  

angles  and first der ivat ives ,  the amplitudes of the first two modes are 

uniquely defined, These amplitudes are an estimate with higher mode 

amplitudes const i tut ing  the errox* i n  the  .estimate,. By d e f i n i t i o n  [7] 

t h e  cable is two-mode obsemtable. 

In additicjn to  the  vibration - modes, there is also a mode, 

at a much Power Erequency as i l l u s t ~ a t e d  by Pigwe 4-2, 

A l l  angles shown 
i n  p o s i t i v e  sense 

Figure 16-2 

Thus the pendulwn and vibration mode information can be easily separated 

4-2 we see t h a t  



w i t h  de r ivc r ives  

T t k e  an~les C ; i 9  f3:, 
1 

6 ; ,  and $ a r e  assumed t o  be measurhble. 

Uhiie Knilpp's sepmerited model [ 5 ]  is w e l l  suited t o  computer 

s imuiarion,  it has y e t  to De shown t h a t  the angles defining the o r i c n t -  

c l~ i .m  oi t!?e ct..grneltTs can be used to define nctiox, of :he r e a l  cable 

i1s:lng t h e  ~ ; i t 3 1 1  mgle approximation f o r  t h e  two-segment model 

it is seen :hat angle JI defined i n  Figure 4 . 3  can be expressed as 



By c m y i n g  t h i s  on to n - l  secticsntas: 

Here (n-1) is used as the last cable sec t ion ,  the nth sec t ion  

being reserved f o r  the whif f letree .  

Other  angles ,  corresponding to maswed angles on the real cable, 

can be found through simple geometric a?elations. 

n-l 
" = I  +k 

k=l 



S S 
Note t h a t  8 d m c  def ined  r e l a t i ve  to the s e p e n t e d  model. a" 

As; shewn below, w i t h  reference to F i g ~ x e  4-5, a ta?~msfonnatiork can be 

found relating t h e s e  angl2s l o  8 0 as m e a v n e d  a t  t h e  ends of the  
.L$ 2 

actual c&le. 

Figure 9-5 

The de f l ec t ion  of an arbitrary po in t  on the cable is a sum of 

the def lec t ions  caused by the two modes, 

TI% 2nx - 
y ( x )  = a sin - 

R 
+ b s i n  - - 

R Y l t Y 2  

w i t h  a and b representing the instantaneous amplitudes. 

Looking at the contribution from the first mode (see Figrile 4-6) 

where ~ / ( n - 1 )  is the  length of t he  first segment and 

we have 

and at t h e  hinge of t h e  first seg,men"c 

71X y1 ' a s i n  - R 



Figure 4-6 

ffrom which it folLo%s that 
1 TI 

* a sin(=) a(n-1) s i n  (= 1 
e; = .w - 

it 
6 

The c~mection facto~ for the first m d e  is: 

@11 sn /a  - - 91 

K ~ Z ~ = *  ah-1) sin (5) (n-1) s i n  n 
. (4.23) 

@:i 
5? 

Following the sigae development for the second m d e  

- O12 2 n K 2 - - i i  2s . 
@;2 (n-1) s i n  

'The mgles at the ends sf the c&Ze m a b o  a slam of the 

contributions mrn two lnodesB 



&m t h e  f i r s t  a d  second mode ca*rec%ion factors 

B -- - Z L  

- 3.2 @PI - 
(n-l) sin (') n-1 

(4.26) 
2x0:~ 2n ei, - - s - - 

2% 
(n-1) sin (----) 

2 7  " 
n-1 e22 (n-1) sin (-1 n-1 

and from (4.10) and (4.11) relating to the real cable, it follows that 

Because harmonic modes axe symetric the following relations e x i s t  

between the mode angles at the cable ends: 

Therefore, eliminating the second angle, 

Substituting (4.29) into (4.27) we find that 



Nw (4,301 ( 4 , 3 ~ ) ,  (4,231, (4,24) y i e l d  

3 %; ell R e12 
a = n B =  

(n-1) s i n  2% " (R- l )  s i n  ---- n- .I 

&om (4.29) it f o l l m s  t h a t  

S 
Subst i tu t ing for 0:1 and el2, t he  mode amplitudes become 

8 
1(0;  - e2) L (6; + 0;) 

a = --, 
n b - 2n * 

(4.33) 
2(n-1) sin 2(n-1) sin - 

n- l  

h (4.33) we have the & e l  amplitudes of r e a l  cable expressed in 

terms of angles derived from t h e  segmented model. 

It is also canvenient t o  mite from (4,271 

Two more measuable  s t a t e s  ewe availsable f r o m  t he  whiffletree.  

Since t he  whi f f le t ree  is taken t o  be an i n f l ex ib l e ,  inextensible  metal 

rod,  a su i t ab l e  sensop attached at the  hinge can be used t o  chwacterize 

its mgula r  def lec t ion  and rate. A s  described by equations (4.35) and 

( 4 . 3 ~ ) ~  t h i s  i n f  t3.m i s  obtain&le from the  segmented model, 



Eere a i s  defined by equaticw (4,201, + is the mgle of t h e  whifflea- 
W 

tree w i t h  respect to t h e  (n-llth .&Is segment, as i l lus t ra ted  i n  Figure 

3-3, and Ow is the mgLe of the whiffletree from vertical. 

The velocity of the simulation vehicle can be related to the 

vwiaBles used to define the segmented model. In Figme 4-7, the velocity 

V is expressed in terms of variables as defined in equations (4.17 ) , 

8n the peal system this velocity should be measurable. 



V PEWBWmCE EVALUATION OF TItF CLOSED LOOP SYSTEM 

With t h e  in fomat ion  that  i s  now avai lable  frm the s a w n t e d  model, 

t h e  c losed  loop system of Figure 5-2 is proposed, 



Were t h e  plmt i s  described by equations (3,1) through ( 3 , % ) ,  and 

(4,49, 6 i s  the linear t r m s f o m a t i o n  developed i n  section IV, w i t h  

consis t ing of var iables  measur&le from the  r e a l  system. The vector 

x represents  a l l  of t he  s t a t e  information of t he  p lan t ,  - 
A low order approximation, shown by equation (5.1) , describes 

t h e  hydraulic actuator  used t o  dr ive  t he  tracking c a r t ,  

with wd = 2.5 rad/sec. 

The s t a t e s  of t h i s  ac tua tor  w i l l  not be used f o r  feedback information 

i n  t h i s  study. 

I n  sununary, t h e  following terms a r e  included i n  t he  feedback cont ro l  

law : 

YTc, $ 9  0 .  82, 8 2 9  ews veloci ty  e r ro r ,  and Th, 

A minimization procedure based on Powell's Method C4f is  used t o  

obtain  an optimal set of feedback gains. This leads t o  the  question 

of a su i t ab l e  cost  function. The ult imate goal of this problem is t o  

produce the  best  possible simulation of a f r e e  vehicle using t he  inforn~atiur:  

t h a t  i s  avai lable .  

A useful measure of system performance is a functiona3 comparing 

some dmamic property of t h e  plant  with t h a t  of a model whose 

response I s  considered ts be idea l .  In %his ease, the measure of emor 

between t h e  p2m-l: md the msdcl could be a combination of p o s i t i o n ,  

velocity,  or  aeeefesation. The rel;a$ive weights  t o  be given t o  t h e  casts 

on any of t h e s e  grtian$i"cies would depend upon t h e  exact specifications 

that should be m e t ,  Far example, if position or aceeleration e r r o r s  



a1a.e les;, iiT,";ic3aitart tbAii3i: VC;.~O& t'/ C'i??OTs t i ie  V ~ ? ? - O G , ~ X ~  C P F O P  S ~ O U ~ &  ii'e 

givicrt xiLe? ,,I eii, f;;t weigiltillg i l l  t h e  cos"cfur;ci-lor;:+iii , I r r  t h i s  si.l:dy, 

o r ~ l y  ve loc i ty  e r r o r  bas Oecn c o n s i ~ e r e d .  The l e v e l  of the  corlrroi 

s i gna l  a t  ti;? citrt: m \ l s t  also be included so  as t o  insure  t h a t  ~r,reasontL,:.?- 

ae:i;;lnds are ~ o t  claccd on .the con t ro l  fo rce .  A scirab3.c cos t  f L i ; i ~ ~ i ~ i ?  

i s  ti-'erefore presented i n  eqcacion (5.2). 

When an analytical approzch t o  optimal  c o n t r o l  is  used, t h e r e  a re  

advantages t o  ucing quadradic T e r m s  i n  t h e  c o s t  funct ion .  In this ccise 

iiowc=~cr, because of t h e  complex system and rhe d i s t r i b u t e d  parameter 

;)roblam, no m a b y s i s  is anticl.pated. T h i ~  permits  Lome l a t i t u d e  in 

choosing d i f f e r e n t  forms f o r  T e r m s  i n  t h e  cost fuac t ion .  The expcl:,er;~i ?: 

t e r m  was chosen because it inpo:;es a r e l a t i v e l y  large penal ty  or! c o ~ , r r ~ o l  

fo rces  larger than Emax. T h i s  puts  a firm c o n s t r a i n t  on t h e  rnagni~utis 

of t h e  control  s i g n a l .  The e x p n e n t i a l  form a l s o  pu t s  a ~e l .a t ive . ly  

small penalty on f o r c e s  smz_l.lcr i n  magnitude than rmax. 

t!ote .:hat v ib ra t ion  mode .~,r?li . tudes of Ic!.bh c.&le are not ir:~li .dcd 

i n  tibe cos t  f~nict ictn,  arid m e  therefore noz directly pennli .zed& Ar,y 

cttenlpt to i n c l u d e  mode amplitude terms i n  the cost function shoilid r t e s u i f  

i t 1  a degx-adation of cystem perforniance a t  t h e  ~ in i l num cost poinx. iio.,i-:\.l:r?. 

ii, i n  the  running  of t h e  s y s t e ~ n ,  mode amplitudes were t o  exceeo somc 

s ~ e c i l i e d  limit, mode terns for t h e  firs% two modes as shoh;n i n  equ@-it: O i  '. 

(4,lOIthrough Q4,%3l,could be included, 
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FOP a complete listing, flow diagrms , and discussion of  t h e  

computer progrms used to simulate t h e  sys tem and f i n d  an optimal 

set sf ga ins ,  see Appendix B. 



The systm was hptimized under the  fo l lowbg conditions: 

( a )  C a b L e  length s e t  t o  200 f e e t .  

(b) The t h rus t  program used was a two second, t500 a s .  

burst  a t  t=O secs , and a -500 lbs, burst  a t  t=.L0 

sees of two second duration,  

( c )  Cost function calculated over a 20 second in te rva l .  

The opt3.ma.l feedback gains w e  s h m  i n  Table 5-2 along with the  

associated measured s t a t e s ,  and indications of the  changes i n  cost  and 

RMS e r ro r  resu l t ing  from adjusting the individual gain terms. The 

overal l  reduction i n  cost was From 1543.35 t o  24.10, with a drop i n  

RMS error from 8.787 t o  .797. 

The i n i t i a l  value of Kg was set t o  1.0 t o  keep the  f i r s t - run  

cost  and WS emor  down t o  is reasonable level .  F r s l h i n a r y  ~ e s c r l t s  

showed t h a t  thpust, o r  t he  l i nea r ly  rela-ted a c c e l e ~ a t i o n  of t h e ,  

vehicle,  is an important t e rn  i n  the  feedback law. 

Table 5-1 sleau?ly shsws t h a t  only \I, 31, 4 , and Th are r e a l l y  
W 

necesswy %ox- nem optimal control .  Sl ight  improveinents e m  be made 

with ew, 8&, Vtc and Er~or, while  the r e s t  have negligible effect.  

Operation with a 200 foo t  cable length is  s a t i s f a c t m y ,  with 

m ; l l s i ~ n a ~ n  v a u e s  o f  $ at -006 radians, a d  cable vibration amplitudes 

not  weate%. t h m  %bee inches peak. A t  slaofier c&be Iag-khs,  t h e  

pndarlm wd vibration frequenciee b e c m  fiigh w i a  rrespeet "re? t h e  

hy&au%ie a c t w t m  frequency, m ~ d  t h e  system becomes mst&le, With 



Gain Entia l  Opt h a 1  Ha ;stzed Decrease Decgeasc i n  
Terms Gains Gains State i n  Cost RMS Errcr 

Table 5-1 

constant gain terms, the cost and %is error remain nearly constant down to 

aLout 75 feet, where t h 2  cost begins to increase rapidly. By making gain 

t m ~ s  associated with c&le states Length dependent, the stable control 

extended down to 50 f e e t .  However, this change was made on an intuitive hasi;; 

better results could be obtained by finding o p t h a 1  gains at several cable 

, lengths ,  a d  making t he  con.ea?ol law length dependen-using e:wqas f i t t i n g  

techaai-es, 



UPENDICX A MODIFIED POWELL'S E T H O D  

Powell's methsdl is a~a efficienqt techaique for minimizing a function 

of severa l  variaBLas. It is especial ly  usefu l  when it is not possible 

or p rac t i ca l  t o  use gradient methods. An e s p e c i u y  desirable  fea ture  

of Powell's Method is its a b i l i t y  t o  develop seamh di rec t ions  along 

0% troughs. This i n s u e s  rapid convergence to a minimum with 

quahadic or nearly qua&adic f ~ m c t i ~ n s .  

An i n t e r a t i a ~  is as follows: 

(i) Far P = 1.2 ,..., n calculate  A so t h a t  f ( P p , x  + Arcr) is a 
F .. 

,end define Pp = PP+ + APE,. 
Step (3.) i n  a semch i n  n direct ions  for, mini points. A good 

initial di rec t ion  analrix [&I is a of ones along t he  diagonal. This 

i n s w e s  an i n i t i a l  m u d  of n orthagonal search direct ions .  

(ii) Find the  integer  m ,  l r m 4 n ,  so t h a t  {f ( P ~  - l) - f (P,) 1 is a 

imum, and define A = f(P,-,) - f(Pm). 
Tfiis s t e p  iden t i f i e s  the  d i rec t ion  which produces the la rges t  change 

in the  functional value. 

-. . , 
(111) Calculate f = f UP -Po) a d  define fl = f (Po)  and f2 = f (P,). n 

This and the  next s tep  are t o  prevent nearly dependent search directionc. 

from being introduced. Powell  skates t h a t  when ntjlnimizing a fwction 

05 mope than five? vstri&les, these s t e p s  m y  be wecessq to achieve 



( f v l  If e i t h e c  fg . fl and/or 

2 3  2 (fi - 4f2 + fg) * (fl - f2 - A )  . 5 b(f l  - fa) s 

use the old directions C1, C2, H . s  E, for the next direction, 

and use P fcr the next PO, othemise 
IL 

(v) Defining 6 = (P* - Po), calculate A so that f(% t A & )  is a 

minimums use C1, F2, , C LwIs Lm+2s Fn. F as 

the directions, and Pn + A 5  as the starting point for the 

next iteration. 

This step introduces a new conjugate sewch direction. 



The computer programs, used t o  apply t he  optimization procedure, 

were based on techniques developed by R. J. Kochenburger. E81. 

Although t h e  system, with its twenty s t a t e s ,  is r e l a t i ve ly  complex, 

the  program runs  i n  nearly r e a l  time when compiled with t he  Fortran 

H compiler, run on an IBM 360/65 computer, and using a A t  of .005 

seconds. 

A desireable  fea ture  of subroutine SYSTEM, which simulates the  

system, is tha t  changes can be e a s i l y  made without extensive modifica- 

t i o n s  t o  the  system equations. Changes i n  the  control  law, t he  hydraulic 

ac tua tor ,  o r  o ther  portions can be made by jus t  changing a few l i n e s  

of prosam. -0, t he  t t program is wr i t t en  as a subroutine, allow- 

ing easy chmges without changing t h e  system equations. 



SUBROUTINE LINKAGE 

Nmed Cornon Block T&%e 

b8 PSTPAS 

A EF@S 

B FINISH FINISH 

B FAIL FAIL 

B EXRNDS EXPdDS 

B EXCESS 

D J 

D RQUNDS 

D GAINS 

0 K(20) 

E TRIALS 

E COST 

F 

F 

P 
F 

F 

F 

G 

G 

G 

G 

G 

'3 

G 

G 

M 

I 

I 

EXCESS 

J 

ROUNDS 

GAINS 

K(20) 

TRIALS 

CQST 

SUBFIM 

SUBEXC 

M M L S  

A 

D A 

TOMIN 

J 

ROUNDS 

GAINS 

K(20) 

TRIALS TRIALS 

COST COST 

SUBf IN 

SUBEXC 

MAXTLS 

A 

DP, 

TOLMZN 

NEWDT 

NEWTIM 

LSTPAS 

f TERAT 

STATES 

DT 

XC20) 

Y(20) 

T 

ehL 

Tld 

NENDT 

NEWTIM 

LSTPAS 

ITE W T  

STATES 

DT 

x(201 

Y (20 1 
T 



CAL - muses s a r o u t i n e  t h rus t  t o  read da t a  and s e t  i n i t i a l  conditions 
of t h r u s t  during system i n i t i a l i z a t i o n  

BYNOUT - With DYNOUT is  s e t  t o  t r u e ,  system dynamics can be pr inted 
out with the  time increvent of PWDEL 

EXFRTR - Used t o  s t o r e  information t h a t  an excessive number of trials 
was required i n  the  j di rec t ion  

EXMIN - Signals t h a t  a search is being made i n  an orthogonal d i rec t ion  
a s  t h e  l a s t  s t e p  i n  an i t e r a t i o n  of Powell's Method 

EXRNDS - Set t o  t r u e  when the  maximum number of i t e r a t i ons ,  or rounds, 
h a s  been exceeded 

FAIL - Indicates a f a i l u r e  of the  optimizing procedure, when s e t  t o  
t rue  e i t h e r  f o r  excessive rocnds o r  excessive t r i a l s .  

FINISH - Wen s e t  t o  t r u e ,  t h e  procedure is terminated, e i t h e r  success- 
f u l l y  o r  not. 

FSTPAS - Routes ss&routine SYSTEM through the  int i t id l izat ion brlanch on 
the  f i r s t  pass through SYSTEM 

LSTPAS - Causes subpoutine INT t o  go through t h e  f i r s t  branch of Fourth 
Order Runga-Kutta in tegra t ion  a t  the  beginning of each A t .  

MAXTLS- The maximum allowable number of t r i a l s ,  o r  attempts t o  f i n d  a 
minimum along any one d i rec t ion  vector.  

MXRNDS - The maximum allowable number of rounds (see ROUNDS) 

NEWDT - I n i t i a l l y  s e t  t o  t r ue ,  This causes an adjustment i n  t h e  time 
increments t o  s u i t  the  integrat ion subroutine on the  f i r s t  pass 
through subroutine INT 

NEHTIM - Signals f o r  a new value of t h rus t  from subroutine t h rus t  when- 
ever t i m e  is  incremented 

NXTPAS - Routes subroutine INT through t h e  correct  branch 

.BOUNDS- Counts the  nufnBer sf i t e r a t i o n s  of t h e  optimization proeedme. 
One round i s  a minimization i n  a19 d i r e c t i o n s  plus possibly iw 
an opthogand diree"ton. 



RUNF"&lkt - men RUNPOW is se t  "c gifalse, t h e  prseedme stops  d t e r  one 
pass t h o u g h  sat;brou$ine SYSTEM, T h i s  is usefu l  when system 
d p a ~ i c s  fop s ~ l y  one set of corrditio~s i s  d e s h e d ,  

SEARCH - S t w t s  t h e  search fo r  t he  minimum point  on a quadrat ic  curve 
i n  subroutine MINIMA a f t e r  the  minimum has been passed by t h e  
regulalr s t eps  of Aa 

SUBEXC - Excessive number of t r i a l s  i n  subroutine MINIMA w i l l  cause 
t h i s  t o  be set  t o  t rue .  

SUBFIN - Signals t h a t  a minimum has been found i n  subroutine M I N I M A  

TF- Total  m n i n g  time of system dynamics 

TOLMI-N- A change i n  the  cos t  function f o r  two successive t r i a l s  of 
less than t h e  spec i f ied  value of T o b i n  shows t h a t  a minimum 
has been found. SUBFIN is then s e t  t o  true. 

TOLPOW - When t h e  change i n  cost  i n  each d i rec t ion  is l e s s  than t h e  
spec i f ied  value of TOWOW f o r  an e n t i r e  round, FINISH is set 
t o  t r u e  and t h e  optimum parameters have been found. 

TPT - Sets  t he  time for  t h e  next print-out of systen dynamics 

TmAES - Counts t h e  number of t r i a l s  i n  m e  direct ion;  r e s e t  l o  one 
f o r  each new d i r ec t i on  







C H 4 I &  PROGRAM 
CJNMQN ILB NKAIF$TP&S e E K H S  
CGHMON /LbNKB/F!NISHoFbILsEXWNDStE)i;CESS 
CaHMON / L ~ N K D P J D W O U N D S D G A B N S ~ K B ~ O  b 
COHMON BC 1 HKf /COST 9 T H  I AL S 
L 9 G % C A B  FSfPIS,FI&ISHIFAlb,EXRNDS 
INTEGER EXCESS,TRIALS,ROUNDS@GAfiNS 
REAL Ig 

E 
G HAPN PROCRAH IN IT IAL IZATIQN 

FSTPASseTRUEe 
HOUNDSaOe 
3x1 
THl A L S = i  
E#NS=O e 

e 
C ++c*+s@**l**@@s@sss*~**i(r*C~CCrCdrrC**tSICr~*s***~@c@ ******* 
C 
G 0 3 T S I D E  PARAMETER O P T I M f L A T f O N  COOP 
C 

10 C A l C  SYSTEM 
C A L L  POWELt 
(FZ .NOTeFINfSW)GO TO 10 

C 
e CI@+S*+&@@SS*@+SSS@**~C~~~~CC+I***~I~@ ~ ~ $ t ~ ~ 9 ~ ~ ~ ~ * * ~ *  ****&** 

JRITElbr201 
H&ITE(6,2l)TRIALS~J~ROUNOS~ERHS~COSf 
dKITEt6r220QKi  I ) v  I ~ 1 t G A f N S 0  
S COP 

C 
11 IF(.NOT.EXRNDS)GQ TO 12 

WdI TE( 6,231 
STOP 

C 
82 dB1 TE 4 6.24) EXCESS 

STUP 
c 

iO F 3 R M A f  (//6X,'OPTTIHUM GAINS FOUND"/) 
i l  F3RHAf (lXe315,2F12.2) 
22 FJRMAl(lX,13FI0.2) 
23 F O R M A I ~ / / ~ X I V A I L E D  BECAUSE OF E X C E S S I V E  ROUNQSsB 
2+ FORMAT 1//6X,"TOO HANV TRIALS AT O I R E C I l O N  VECTOR" I S 1  

E P(D 
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S U d R O U f  l NF S Y S T E M  
Ci314I40M Bb I i r K A I F  S T Y A S  E R M S  
CGMSiii3N / L I ~ ~ K ~ ~ / J ~ R O I I N I ~ P ~ G A ~ ~ ~ . ( ; ~ K $ % O ~  
GJMMON /t INKElCOSl* TR l4LS 
CGMf4JN 8 L I R K G / N & H D T ~ N F W T I M ~ b S P P W S ~  I T F R A T *  S T A T E 5  V O T V  

1 X ( 2 0 )  p V i 2 0 D  
CJ:4MON I L  LhdktiT 
CGMMUP4 / L  I N K  I I C A L  I TW 
R E A L  1-ENGTt-tqK 
C J G I C A L  C A L q F S T P A S , L S T P A S  ,FIFWT lM,NEkl)T,OYNUUTrRU!~VCId 
1:dTESE.R S T A T E S 9  I T t R k T p G A I f d S ,  T K I  A L S ,  ROUlVDS 
I F (  e N 0 T e F S T P A S ) G C 1  T O  L 

C 
c ~ 4 ~ * 1 ~ $ 8 * * t ~ S S I ~ * 8 t * S r ~ ~ I p t ~ t O r * ~ * 8 : g t ~ 1 D ; r O r ~ 1 0 r t P I 9 ~ f  * * & * * * a * * * * * * *  
e 
C I N I  T I A L I Z A T I O N  BRANCH 
6: 

S T A T E S = 2 O  
C A I  NS= 1 L 

c SET NGh-VARYING S Y S T E P  PARAMETERS 
T V M - 2 3 5 0 .  

i R R =  10. 
V 1 4 ~ 3 1 0 .  
dY=62 . 

C 
C REAQ S T A T E K E N T  NO. 1 

l E = l  
t t E A O ( 5  ~ ~ O ~ E R R = ~ O ) U T , T F ( I P R N D E L , F ~ " ~ A X ~ ~ ) ~ T A  
d d I T E ( 6 r 3 2 ) D T  
W K I  TE ( 6 1 4 0 1  
dKi l E ( 6 ~ 4 1 ) T f i , P R N Q E L * F M A X e B E T A  

C 
C HEAD S I A T E M E t d T  NO. 2 

I E = 2  
C READ I N I T I A L  GAIN VECTOK 

00 2 I = % , G A I E I S  
2 READE 5 9 3 1  ,EKK=SOIK( I )  

C d K I T E  I N i T l A L  G A I N  VECTOR 
d R l T E ( 6 r 4 2 1  
t J r C I I ' E f d r 3 4 ) ( K ( I )  e I = l r G A I N S t  

G 
G 4EAD STATEMENT NO, 3 

I E.2 3 
e R E A D  PCDE CCMTRGL LOGICAL  VAK I A B L E S  
c P r l l N I  CUT SYSTEM DYlJAMfCS d 1 f H  I I Y N U U T  = .TRLIE,  
6 5 T i f P  AFTER FiRST P A S S  T f i R f 7 i i G . i  S'lt'SlrEM I F  baCfNPOrd . F & l S E .  

? E & U f  5 ~ 3 b  f~EERi(.=50! EYt4obf rKcl!\lP(Ik 
C d-:I TE Pf1b)E CCEdTRGb L4IGiCAb V A k i  A f j ~ c S  

TE ( 6 ~ 4 4 )  
d < I  T E ~ G D ~ S I D V M O U T ~ R U ~ ~ ~ P O ~ ~  

c 
C 8 E A D  S l A T E E k N f  NO, 4 

1 E = 4  
C @ < A D  C A B L E  LENGTH 

6 E A D t 5  ,301f K R z S O )  L E P i G T b j  
c: &:(I TC- C A 8 I . E  LENGTH 

% 2 I T f : b b r 3 7 l L E N G T N  
C 



c 
G SET SVSWEM PARAMETERS T H A T  C O U L D  \@ANY 
C 
C T I I I S  S E C T I O N  S H Q U B D  B E  MOVED I N S I D E  " T E  
C BdTECRATBCN LOOP FOR T I M E  V A R Y I N G  CABLE 
Q; LENGTH 
C 

R f = L E N G T H / 6 ,  
Ci4= *32- ' ,35*LIr:NGTfl /  5 .  
T C = i 0 3 3 3 .  
Tvlzt3333. 
C l = T C / 2 3 6 0 .  
C 3 = T C / ( C M * R E )  
C L = C l / K E + C 3  
C 4 - C 3 + e 0 1 6 l L * T C / R E  
C 5 =  .OL 612*TW/ l iE  
C b = e O 0 1 6 L Z * T C  
c (= . 0 0 1 9 4 5 * r ~  
C 8 =  1 e / TVt4 
C J=Cil l /UE 

C 
C f V I T l A L i Z E  THRUST PROGRAM 

C4L.z. TRUE e 

CALL l 'hKUST 
C 4 L = .  F A L S E .  
F S T P A S = e F A t S t %  
V Z T s - .  5 *DT  
T F = T F + T P T  

G 
C $ r f l ~ r  $**ef:<*t~**0rrk*r~tr0c*%es*+*s(s*******lolslrlpll~r*gr****+% * i : * r~c4~.& 

C 
C S E T  PLANT STAYES TO INITIAL C Q N D I I I C N S  

1 Od 3 N = l ~ S T A T E S  
3 Y ( N ) = O .  

LSTPAS=eTRUE.  
N I H T I M - e T  RUE, 
N E J D T = . T R U E e  
I T E R A T = 1  
T=rd % 

I F t e N O T e Q Y N O U T I G O  10 26 
C 
C A 3 1  TE COLUMN MEADS 

WdI TE ( 6 , 3 8 1  
C 
C 
C I T E R A T I V E  POr%Tf ON S T A R T S  MERE - I N % E G R A T I B 6 4  Ld3P 

24 I F I  *NOT,NEWTPMIGO BU 28 
C4LL ThRUSl 

g: 
C TdANSFGgMATICN To ST;lTt-S K F A S U K A S L E  F R O Y  
C $ I S  TFtI SUTFP)  I*AZJ;nF.41IPEK S Y S T E M  il R E  AL G A t 3 L f  1 

23 PSIzY8  3 f  + . 8 3 3 * Y l 5 % + ~ & I d ~ 7 * V 1 . 7 k + ~ 3 * Y ~ C 8 ~ + ~ 3 3 3 * Y t  1 i l  
a + ,  I ~ ~ * Y L I ~ I  

P S I D z Y  [ 4 1 + , 0 3 3 * Y C 6 ) + ~ b G G I * V 4 8 1 + ~ 5 * V I  P O ~ + O ~ > ~ * Y #  i 2 1  
P + e  167*V114$ 

A l P M A = V ~ 3 f + V I 5 ) + V 1 7 ~ + Y I C a l + V ~ % , P f + Y ~ I . 3 b  
~ ~ L P 1 i ~ 0 ~ V ~ 4 ~ + V ~ 6 ~ + V f 8 l + V ~ L O ~ ~ V C I 2 f + V I I 4 ~  
4.46 1 S = Y  f 3.1 -P%T 



C1 

9 - 
"4 
U 

a 
w 

r VI + Q 
3 t 
4 - I * - 
I r- 9 
n -r '-4- I 
J ~ - - d  C3 

T" 
3 

=a *-.>.I4 2 h V) 
w d o + -  II LI C. Ud 

rc. * '3 .-4 0 u' 24 - 4 4 4  0 
- 3  o Z-<2t '4 - F C P i n N  4 
3 fl 0 < X I - -  4 LU - 4 & N  C.. -=a 

b'l -- cy c4 + * C N  ( i c e  Q - - d w r r i - q  L ld  3 - w c/a r:, I - - L 3 3 ~  b-0 3 L - - - - - d + > . O  cL) I 
m t 4 w z  a cyruur !-= C " ~ - O . ~ + B O  4- - 
ru L L!) 4 U - O u +  0 4  & - - 3 - - M O  +-a 8 

V) % Z + -  CS) 9 > > + 4 U e  (W N 
2 1  eta Q -19 4 - 9  I- 6 + 3 9 . ‘ 4 + +  0 a IIP 

e ? + m  9 c 9 a e -  3 0  C ) - - . O I ~ ~ . -  0 w + e-4 

I e ~ u 3 - 4  A 11 Z W - W V  u.4 I ( n t - w > - r n v \  - CII. - M 
f-0 -" -4 13 4 C 6- C 3 V ) 3 3 6 *  - & r c ' v - ) . ~ c " l  X a * 
d c t u c l : r  z (3 --a-six A O  u r n + > -  t a u ~  a rx: €2. 
t 3 1 ,zp c 3 a c3z v ) . + ~ - o  a- a l - I  f P - r > >  x o m k-r 

a Z 4 G -  I P) u LU - 9 - o C  O J  LL L$B I a % L I n @ d * *  
~ e - - ~ l j - x  A * - .  dd;\lvtx a 3  L L , 3 1 . L n R ~ - e . ; r l C .  -%. t- 

a d  O-Cf )h l i l  
0 - 3 c  

3 45#-**?nt-sa-0 I 4 V ) * " n - - > ) I U U  uJ 2 b b\ C 1 k  
- - a * h u j d a ~ a a m - -  s-ce ~ X Z I +  w e  z I Q U > > I  1 1  1 u l-4 eta- 
m c q  r P - . O ~ . O Z Q C ~ + ~ R  O N O  + *  <--- U Q  o c - U + I  I - - - - - - -  3c 3 -- V , C  
a c 3 ~ 4 0 e a 0 - + 0 d  b o d  z u + ~ . n  zt3 - 0 4  - - - P- CF m Z Q  o 3 %  46, 
$ 1 $ 9 d @ e . J - a 0 3 -  @ Z % X  C V l - d w  C d -  tV 6- w u s-4 4 a &  W L J ! . X -  a -  

- - . < - - - - r ~ : * \ m + ~ + >  W I L :  U O C ~ - g  LL - < N F R  u v u > - > - - a - W  or-== iz 4 - l R  bBT 
J Z C L  a =  @ G ~ + = + O +  - -% y Y > 9  > O  3 N -  > 2- b - - - - N - - $ > - 3 >  8-- Grid V ) C  

- . . ~ - ~ J ~ I T ~ Q . ~ c C + + C S ~  W d c f  C L W g Z L L C  I a m  c , m n - 9 - w ~ - - C + + ~ ~ . - , 3 ) d ~  Q Q  31=$ a w e  --I@ 
b .da . r18 - - I : t i e+4Q1~  c . -C  c X - % C C  c - ~ u 0 . 2 ) ~ ~ ~ ~ m r t r c m ~ n - r n - - \ a  z x  ; a m  I-..-..% e 
ir r;E 81 b C 3 C . - C 9 d . d  I ---a < > - C i  < C C X +  Q W >  O 4 - - U - M - m w u r U F U > U  3b.J  M W  i % l  + +  
a I I  o ~ ? z t : > z  V V -  11 it J J it Y A C ~ ~ C L -  J J  J r O O ) I  I >-u>-L)> II II  it II 11 II 11 11 18 3 11 11 e3 - 
r l z ~ o m ; i r u z : ~ ~ r n c r  11 a a c  3a:u 3z0-1;n BUUJ UJ ; i  n it  1 1  !I 11 t i  it s ------------6 &.-. c r ; - -  z .  
~ J - ~ N L ~ ~ A L J - I  It r d N . - I W  I 1  iJO 1) U L L ) ~ ~ W  + - + - - - - - - - w - - - - - Q ~ N w I ~ ~ ~ s  + +  a m  & P O  en* 

Q > &  m X x X x X ~ X X X X X X x X X X  O X  W X  f X X  -- 
d ~ r n  



C SYSTEM D Y N A M l C S  PRINT-BUT FRBN HERE 
I F 4  eNOTeDYNOUTBGf3 PO 25 
R ; S l T E I b a s 3 5 ) T i 4 r F O R C f  rERROR9Yk 178 , A s B t P S I  V W T A e T  

2 5  X F f T e L S e T F b G B  50 22 
EMHS=SCRP(Y%1BI/TF) 
P rllc T, V 
bUJ 1- 1 9 1 7  ) 
dKITE(6s338TRlALSpJeRCUNOSeERMSaG%9SV 
d R I T E ( 6 9 3 4 1 f K (  l $ r  1 5 1 e G A K N S )  
IF( eNOTe i tUNPOk1STOP 
iIETtJKN 

C 
f 2 T P T = T P T + P R N D E L  
2 1  CALL I N T  

G3 TQ 24 
50 d A I T E ( 6 o 5 1 ) I E  

STOP 
6 

20 F3RMAT ( 6 F 1 8 . 3 8  
2 1  F J R H A T  ( F 2 0 . 4 )  
32 FJRMAT { 6 X a V I N T E G R A T I O h  I N T E R V A L  = ' e F 6 . 4 r  "SECSV/ / I  
2 3  F3WMAV(lHO~lXr3Ib,2FL2.31 
14 F J R M A T ( l X p L 3 F 1 0 . 2 )  
5 5  F J W M A T ( I X t 9 F 1 2 e 3 )  
36 F d a N A T  (2L10) 
3 7  F I R M A T ( W O C B L E  LENGTH = " F B . 2 a V T e e ~  
36 F3RMAT(5X~~THUST'~8XpaFORCf'~7Xg'ERK8R'a 

1 d X s g C G S T '  ,llXt'AA" e l l X , r B 1 l  e 8 X e e P S f b  e l O X p  
2 ' M T A '  q 8 X 9 ' T 1 M E e  1 

43 F J K M A T I ~ X I I ~ T F " , ~ X , V P R ~ O E L ' ~ ~ X ~ ' F M A X ~ , ~ X ~ ' B E T A @ ~  
41  F J K M A T ( 4 f  1 0 . 3 )  
4 2  FUi lMAT ( ' U O I N I V I A L  GASN VECTORt 1 
44 F + ) R M A T ( t O C O G f C A L  MODE CONTROL T E R M S a ?  
45  F i I R M A P  (2L 10) 
51 F J R M A T ( V R E 0  DATA ERROR A T  R E A D  STATEMENT NO. ' e i . 3 1  

END 





AIL rm t r u e  







SJBROUTINE POWELL 
65MMBN / Q B N K B ~ F I N ~ S H I F & ~ L  rEXWEJDSeEXCk5S 
COHHOa / C  XNKDIJ~ROUNDSBGA INSv Kl20L 
CCHMON b&INME/COSfpTRlAL% 
C8RMBEJ iL ! l u K F t S U B F I N e  StJBErtC 9MAKTL$ ,AaDA,TBLMIN 
I b f M E N S I O N  SA";bt t2n)  l ;P0F20f  ;L4HDAt"OI tDLA%LIAQ 204 - * 
OlMENSlBN E X F R T W ~ ~ O )  , z ( ~ ~ ~ ~ ~ ) ~ T K ~ ~ o ~ ~ ~ E C Q ~ O B  wTENK420)  
L 3 G I C A t  F I N I S H ~ F A I L ~ E X R N O S ~ S U B F I N ~ S U B E X G J E X I . ~ I N  
L 3 G I C A L  STAWTeEXFRTR 
INTEGER GAINSwEXCE$SqTREA&S~ROUNOS 
REAL KeLAMDA 
IF(RQUNDSeGV.O)GO TO 10 

c 
C XNI T I  A L I Z A T I O N  BRANCH 
C 

H 4M=GA I N S + &  
C 
C READ STATEMENT NO* 6 

l E = 6  
READ( 5 e 4 3 p E R R z 5 0 )  TObMKNw TOLPQMBHXRNOS~MAXTLS 
H4f TE f 6 r 6 @ 8  
#RITE(B~611TOLMIN~TOLPOW~HXRNOS~HAXTCS 

G 
C READ STATEMENT NO. 7 

f E=7 
G READ I N I T I A L  D IRECTKON VECTORS 

Ui2 5 I = 1 r G A I N S  
5 R E A D ( ~ , ~ ~ , E R R = ~ O ) ( L ( I ~ J I  s 3 = 1 e G A I N S l  

C WRITE I N I T I A L  D l R E C T I O N  VECTORS 
W R l T E ( 6 , 6 2 )  
03 6 I = l , G A I N S  

6 ~ R X T E ( 6 , 4 5 ) 4 2 (  I w J ) w J = l ~ G A I N S 1  
C 
6; READ STATEMENT NO* 8 

lE=8 
C READ K N I T  I A L  DLAMDAS 

READ( 5 , 4 6 r E R R ~ 5 0 )  ( D L A M O A ~  J)  pJs1 o M M M )  
fL WR% TE I N I T I A L  BLAMDAS 

J R I T E ( 6 9 6 3 )  
W A ~  T E ( 6 ~ 4 0 1  ( O L A M O A ~ J P  eJ9)L wHHt9I 

e 
DO 1 K=L,GAINS 

H P Q ( I I = K ( I )  
03 2 Jz l rFMM 
$XFWTH(d)=,FALSEe 

2 b 4 Y D A ( 3 1 ~ B e  
4=9 
RGOIJ&)S=1 
MCI.d\bRG=O 
CLAST=C0ST 
F 1sCBST 
FIN%SH*.FALSEe 
FA1 L s e F A L S E a  
E X H I N o e F A L S E ,  
EX%NDS=.FAL%Ee 

G 



C R E - I N f  l I A t 1  LE FROM WERE FOR EACH D I R E C T  I O M  
3 d=CAMOAIdb 

DA=DLAMDAQJ) 
TR% ALSsa; 
SOBFINseFALSEe 
S U B E X C s e F A L S E  
O S  G loirGAINS 

G TEHKQ I )=K(  I )  
GSPFT.sCOST 

6 
6 Q@*f  @S$t@+*#S~C+@~Q8~rDO4r8~r)rs?t*@@@@SErlrSI*@*@**r)r@** **$***@ 
C 

10 CALL MINIMA 
I F (  $UBFIM)GO TO 12 
IF(SUBEXCjG0 TO 13 
DO 14 I=LeCAINS 

14 Kt1 )=TENKtIl+A+L(Io3J 
C RETUKN FOR NEXT TRIAL WITH NEW GAIN VECTOR 

RETURN 
C 

13 SF( eNUTeEXFRTRtJ1)GCI Y'o 15  
EXCESSs4 
FbI L=e TRUE. 
FBN%SM=.kRUEe 

c EXCESS TRIALS t~ OQE OIRECTIQN IN TWO SUCESSIVE ROUNDS 
C FhCLED TQ FfND OPTIMUM 

RETURN 
6 

15 EXFRTR1JlseTRUE. 
S O  TO 16 

12 EKFR'TR(J)=.FALSE, 
I F (  4BS(COST-CLAST)eGTeVOLPOWlGO TO 16 
MCNVRG=NCNVRG+P 
IF(NCNVRGeLT.GAINSO GO T O  17 
FfNISH=eTRUE. 

C FOUND O P T  IMUM G A I N S  - SEARCH C O M P t E I E O  
RETURN 

C 
16 NCNVRGsO 
17 C L A S T z C O S T  

DEC 13 i=GSTFT-GOST 
J=J+l  
I F f  JeCfeGAINS)GO TO 3 
I F (  eNBIeEXM1N)GO TO 21 
EXNIM=eFALSEe 
G3 TO 29 

2 1  F2-.CoST 
C F I Y 8  DfREGTIGN IN WHICH LARGEST CHANGE IN COST %CURED 

DEL=DEGI 11 
M= 1 
00 2% OVs2 vGA%FdS 
LFf DECBNB ~ L E B D E L I G O  T O  22 
DEC=DECIN) 
?4 =N 

22 CONTlhUE 
DO 23 I=L@GAINS 
S&VE( B @=K4 I 3  

2 3  KdIB=Ktl!+K(O1-PaQil 



d R I T E  #be428 
%BY E2=C3$T 
C A L L  SYSTEM 
F3=CedS% 
33  24 I=lrGA%NS 

24 K t % % = S A V E t I O  
C O S T =  S A V E 2  

G C : i t C K  TO SEE IF NEW ORTHOGONAL DIRECTION 
C V C C T I I R  IS PIEARLY DEPFhUENT 

I F (  F3eLEeF1)GO TO 70 
0iG1=(FL-20*F2+F3)*(Fl-F2-OEL)**2 
UIGZ=. J*DEL*tFl-F31**2 
IF(OfGlcLEeDIG2)GO T O  30 

i3 dRITE(6941) 
03 3 2  I=brGhINS 

6 WdI TE CURRENT D I R E C T  ION VECTORS 
22 d&ITE~6q45~(b(IcN),I'J=lqGAINS~ 

4 R 1 T E ( 6 9 4 1 )  
R . I U N D S = R O U M U S + l  
I F (  WUUN0SeGTeMXRNDS)GC T O  20 
D J  31 I=LqGAINS 

2 1  PI( I ) = K t  I I 
F L=CDST 
J = l  

C S T A R T  h E X T  RCUND 
Gi )  TC3 3 

23 EX81Ni)S=.TRUE. 
F A I L - O T R U E .  
F IM  ISH-e TRUE. 

C E X C E S S I V E  NUMBER OF ROUNDS - FABLED TO F I N O  OPTSMUN 
R E T U R N  

C 
30 TKSz3. 

oa za I=L,GAINS 
FA( E ) = K t  H ) -PO( 1 )  

28 TKS=TKS*TK(II*TK(IJ 
TKSR=SQRT ( T K S )  
00 33 I=%qGAINS 
b(% rMHP)=TK( l)/fKSR 
03 33 &=MrGAIMS 

33 L(I ,N)=L( i,N+l) 
D3 34 h=MgGALNS 

34 EXFKfRlN)=EXFRTR(N+1) 
E X F K T R  (RMM)=.FAL%E. 
E X Y  I N = e T R U E .  

C SEARCH FOR MINI NU8 ALONG NEW D l  RECIION VECf OR 
GO TO 3 

50 r l 2 l T E l 6 8 5 1 )  1E 
S Ti3 0 

C 
40 FQRMATl1Xet3FIQ.2) 
4'8, FJIPI-PIAT B %i-tO% 
42 F 3 R M A I  4 "CHECK GOST A T  K=2KN-KOe ! 
4 3  FJKMAT 12FI0,2,2E 189 
44 f d 9 K A T f L 1 F 7 e 2 0  
45 F J K P A T I P X p 1 3 F P . O . 5 9  
46 FJ2MAV(k3F6 ,21  
f i  FJRMAY ( 9  @Fan nbrn FYR~IR n f  R E A D  Crhvfucur ktn  o s ? n  







I JVBEXC = t r u e  I 'I 

A a f  URN 

RE SPURN 
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SUBROUTINE HZNIMA 
CGMFtBN /LIhKEICBSI v T R  I A C S  
C3MMQN dLINKF/SUBFiNeSUQEXC8MAXTC5~ AeO94eIOLc.4f N 
t JG I C A t  SUBFINBSUBEXCISEARCM 
INTEGER TR 1 A%S 

C 
IFQTRIbLSeGVe2)GO TO 3 
I f ( T R I Q L S . G T e L ) G O  TO 2 

C 
SU8Ff N-eFALSEe 
SUBEXG=eFALSE. 
%EARCW=eFALSE. 
CLASTaCBST 
61-31=A 
181 ALS=2 
A=A+QA 
RETURN 

C 
2 T R I A C S = 3  

AHZ=AMZ 
A Y L = A  
I F t C O S T e L E e C L A S T I G Q  T O  4 

C 
e C O S T  INCREASING - DECREASE A 

OA=-DA 
OC-COST-CLAST 
CLA ST=COST 
A=A+DA tDA 
RETURN 

C 
C C3ST DECREASING - CONTlNUE I N C R E A S I N G  A 

4 OC=COST-CLAST 
CLA ST=COST 
A = A i D A  
RETURN 

C 
3 OOC=OC 

DC=COST-CLAST 
I F (  SEARCHIGO TQ 9 
I F ( D C e G E * O e  )GO TO 8 
GtAST=COST 
AW2=ANf 
A 4 L = A  

6 DJUSLE STEP SHLE kND TRY A G A I N  
, 8A=DAbBA 

BI=A+DA 
I A I  ALS=TR l A L S + L  
I F l F R %  ALSeGTeMAXTkSW 70 82 
RETURN 

C 
a SEARCH=,TRUEd 

G b  TO 10 
9 IFiAB%%Dtl,GT,TOLMif<IGU T O  L f  

C B $ V E  FdftrNB A M1NIWUf.O h N  B b 1 1 %  OIBBECTfhON 
S U B F I N = ~ V H U E I  
KFWURN 

c 
I n  t F ~ T R I A ~ s , t E , ~ a x a L s r n  TO 10 



C E X C E E D E D  M A X  ALLOWABLE T R I A L S  IN THIS DIRECTHIBN 
82 SJBEXCze"P"RUE, 

A C T U R N  
e 

BO %AVE=A 
C F l N B  M l N f P U M  POINT ON QUAORAVlC CURVE 

A S = A * A  
A Y L S = A P L * A M I  
A M 2 S = A M 2 * A M 2  
AMUM=DDC* ( AS-AM1S )-DC*[AM1S-AM;Z$ b 
OEN=DOC*( A-AM1 ) -DC*(AMi -AM28 
A=, 5*AhUM/DEN 
A M i i = A M l  
A H l = S A V E  
CLAST=COST 
T R I A L S = T R I A L S + 1  
RETURN 

C 
END 



Figwe B-5 Subroutine Thrust  



938ROUTBNE THRUST 
C3MMQN / L  lhKHlf 
CJMMON /LINK%BCAlePH 
L O G I C A L  CAL 
BFBCAkiGO TO 28 
I F f T e G T e I % + T D l G B  $0 LO 
IFITeGEeT2)GO TO 11 
IF4 IeGT *Tl+TD)GO TO LO 
tF(  f e G E e f  klGO TO 82 

30 THaO. 
RETURN 

12 TttxPW 
RE TURN 

I N I T I A L I Z E  THRUST PROGRAM 

3 E A f )  STATEMENT Noe 5 
20 I E = 5  

R E A D (  5121 $tRR=SO)PHpTlpTZpTD 
d111 TE (6922) PH 
W 3 I T E  t6r23)TO 
RETURN 

ZL FORNAT(6F10e61 
22 F3RMAT(@O* w6XpVPULSE HEIGHT OF WOL THRUSTER ' 

1 tF8.2~ "LBSa//) 
23 F J R M A T f h X q V U L S E  k I O T M  OF WUZ THRUSTER " 

L vF5e3e "SCSVf /) 
5 1  F 3 R M A T f e  READ DATA E R R O R  8 8  READ STATEMENT MOe %,I38 

EN13 
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SdBROUffNE f q T  
C FQURPH-ORDER WUNGA-KUTTA I N T E C R A T  # O N  # I & - 1 )  

CCHRQM /LiNKGBNEWDTeYEAT RNeLSTPAS I i T f  RAT v 
1 SIATEScOftX120brYlZQ) 

CZMHON /CIkKM/P 
OlMENSlON t S I X ( t O ) s L S T Y f % O ~ ~ X P 1 # 2 O ~ ~ X P % : ~ 2 0 ~  
I N T  ECER S f  ATES 
REAL L S T X s L S T Y  
L J G I C A L  L S T  PASI~~EHTIN,NEWDT 
IF #  * & O f  eLSTPASiGO TO 200 

c 
C F I R S T  PASS 

IF[ .MQT,MEWDT)GO TO 201 
WALFDYP. S*DT 
OT3V6=GT/bO 
NEHQT=eFALSEe 

ZCl 03 202 J P ~ ~ S T A T E S  
L S T X (  J l = X (  J l  
! - S l y (  J ) = Y t J )  

2CL Y f J l - - Y ( J l i t ! A L F O T * X ( J )  
T=T  4t lALFDT 
CSTPAS=rFALSE.  
NEWTIMsoTRUE. 
NXTPASt2 
RETURN 

2C0 I F I N X V P A S - 3 1 2 0 3 , 2 0 4 r 2 0 5  
C 
C SECONO PASS 

2C3 DO 206 J=L ,STATES 
X P 1  I J ) = X (  J) 

266 Y (  J ) = L S T Y I  J l + W A L F O T f X s l  J l  
N E W T I M t e F  ALSE. 
WXTPASs3  
RE rURN 

C 
C TdtRD PASS 

2C4 00 207 J = l p S T A T f S  
XP2 43)sXt  31 

2C7 V (  J I = L S T Y I J ) + Q l * X ( d )  
T=T+WALFDT 
NEWIlM=eTRUEe 
V X I  PAS=& 
RETURN 

G 
G FOURTH PASS 

2C5 09 208 J z l r S I A I E S  
X4 J l = L S T X (  Jl+2.*XP14 J j+2a*XP2QdI+X4  3 j  

2Ca Y t J ) = t S T V ( J l + D T Q V 6 * X ( 3 1  
ME@TIH=-FALSEe 
LSISA%=*f RUE* 
REWURN 
E N 8  
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